Abstract. The protein folding problem, i.e., the computational prediction of the three-dimensional structure of a protein from its amino acid sequence, is one of the most important and challenging problems in computational biology. Since a complete simulation of the folding process of a protein is far too complex to handle, one tries to find an approximate solution by using a simplified, abstract model. One of the most popular models is the so-called HP model, where the hydrophobic interactions between the amino acids are considered to be the main force in the folding process, and furthermore the folding space is modelled by a two-or three-dimensional grid lattice. In this paper, we will present some approximation algorithms for the protein folding problem in the HP model on an extended grid lattice with plane diagonals. The choice of this kind of lattice removes one of the major drawbacks of the original HP model, namely the bipartiteness of the grid which severely restricts the set of possible foldings. Our algorithms achieve an approximation ratio of 26 15 ≈ 1.733 for the two-dimensional and of 8 5 = 1.6 for the three-dimensional lattice. This improves significantly over the best previously known approximation ratios for the protein folding problem in the HP model on any lattice.
Introduction
Proteins are biological molecules which are responsible for many functions in all living organisms. A protein consists of a chain of amino acid residues. There are twenty different amino acids from which all proteins are built, the linear sequence of these amino acids is called the primary structure of the protein. Moreover, under physiological conditions every protein folds into a unique specific threedimensional structure, called the native tertiary structure. This native structure determines the function of the protein.
One of the most important and challenging problems in molecular biology with many applications, e.g. in the area of pharmaceutics and drug design, is This work was partly done while the authors visited the group of Prof. Peter Widmayer at ETH Zurich.
to find out this native three-dimensional structure of a protein. This can in principle be done by experimental methods like X-ray cristallography or NMR spectroscopic analysis, but these methods are very slow and expensive. Thus, the goal is to find a computational method for predicting the native tertiary structure of a protein, given the linear sequence of the amino acid residues. This task is called the protein folding problem.
1 Any possible folding of a protein in the three-dimensional space is called a conformation, and the native structure is believed to be the conformation with the lowest free energy. But there has not yet been developed any complete formal model taking exactly into account all forces that are involved in the folding of the protein, and furthermore such a complete model would most probably be far too complex to handle. Therefore, a lot of different simplified models were considered in the literature.
The discrete model of protein folding we will analyse in this paper is based on the so called HP model which was introduced by Dill [9, 10] . In the HP model, a protein is treated as its sequence of amino acids, and the molecule is further abstracted by considering only a certain characteristic of each amino acid, namely whether it is hydrophobic or hydrophilic (polar). This abstraction is motivated by the assumption that the hydrophobic interactions between the hydrophobic amino acids are the strongest force in the process of protein folding. This assumption seems to be well motivated by experiments, most proteins whose three-dimensional structure is known tend to fold in such a way that the hydrophobic amino acids form a core of the molecule, surrounded by the polar amino acids.
In this model, the space in which the protein folds is discretized in terms of a two-dimensional or three-dimensional grid lattice. Any conformation of the protein corresponds to an embedding of the amino acid sequence into the grid, where every position in the amino acid sequence is assigned to one point of the lattice such that adjacent positions in the sequence are assigned to adjacent points of the lattice, and no two positions of the sequence are assigned to the same lattice point.
The only force taken into account by this model for calculating the free energy is the interaction between the hydrophobic amino acids of the protein.
The assumption made by the model is that two hydrophobic amino acids interact if and only if they are spatially close to each other. For scoring a conformation, i.e., an embedding of the protein into the lattice, the model counts the number of pairs of amino acids that are embedded onto neighboring points in the lattice, but are not neighbors in the amino acid sequence themselves. Such a pair is called a contact. The goal is now to find a conformation maximizing this score (and thus minimizing the free energy of the protein).
One might think that this model oversimplifies the biological problem and indeed it does not take into account many aspects of protein folding. On the
